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INTRODUCTION 

Vapor Pressure Osmometry (WO) molecular weights of coal-derived as- 
phaltenes obtained from coal liquids produced in five major coal liquefac- 
tion demonstration processes have been determined as a function of concen- 
tration in the solvents tetrahydrofuran (THF) and benzene (1). It was shown 
that association of coal-derived asphaltenes takes place in both solvents 
over the concentration range of 4-36g/l. In this study, the W O  mole- 
cular weights of the same asphaltenes have been obtained over a wider con- 
centration range of 4-60g/l and a self-association model of asphaltenes in 
solution has been derived and the dissociation constants, one for the dis- 
sociation of dimeric complexes and one for the dissociation of higher or- 
der complexes, have been calculated with the aid of a modern computer. 

This is the first time that VPO has been used to quantitatively cor- 
relate the degree of association of coal-derived asphaltenes in solution, 
although a number of other techniques have been used in the past (2-8, 13, 
14). 

THEORETICAL 

In order to investigate the self-association of phenol in carbon 
tetrachloride solution, Coggeshall and Saier (2) carried out an IR study 
of the hydroxyl stretching region of phenol and dbtained very good agree- 
ment between theory and experiment by using two equilibrium constants. 
They derived the following two expressions: 

L J 
where 

n = integer 
a 

a = fraction of .monomer unassociated 
C = concentration in moles per liter 
K1 = dissociation constant of dimer 
E = dissociation constant of all other polymers =Kz=K 3... 
K = 2a' C / ( 1  - a) 
If C is the initial concentration of monomer before any association, 

and the molecular weights are Mo, ZMo, ~ M o ,  ... and nMo. 

= fraction of monomer bound in nth polymer 

at equilibrium the concentrations of monomer, dimer, trimer, etc., are C, 

2, y,... 
2 3  n 
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Since the molecular weight measured in VF'O is the number average molecular 
weight, it is given that 

a C  Mo aC + 2Mo + 3Mo 9 + ... 4- nMo n 
mobs = 2 3 n 3) 

c *[a + a+ + ... + 2 n 
3 " I  

where mobs is the number average molecular weight from VPO. 
With the use of the relationship 1 an = 1, 1' 

1 - x  
Equation 1, one may simplify Equation 3 and get 

=1 + x + xz + ..., and 

Mo 

4 )  

In theory, the equilibrium constants K and K1 can be obtained by s o l -  
ving Equations 2 and 4 simultaneously at two different concentrations. The 
approach will be discussed in the next section. 

EXPERIMENTAL 

Coal-derived asphaltenes were separated by solvent fractionation (9, 10) 
from coal liquids produced in five major demonstration liquefaction processes: 
Synthoil, HRI H-Coal, FMC-COED, Catalytic Inc. SRC, and PAMCO SRC. 

A Mechrolab Model 301A Vapor Pressure Osmometer was used to determine 
molecular weights with benzil employed as a standard. Both the non-aqueous 
probe and the thermostat were designed for 37'C. In normal runs, 6-8 mole- 
cular weights over the range 4-60 g/l were measured in the solvents benzene 
or THF. 

A modern computer was used to solve the calculation problem according 
to the following steps: 

!a) 
(b) Calculate for a and B at two concentrations, C, and Cz, from Equa- 

Assume values of K and K1. 

tion 4 where mobs is the molecular weightfrom VPO. 
concentration is C1, the fraction of monomer unassociated at e- 
quilibrium is a, and when the concentration is Cz, it is 8.  

When the 

(c) Substituting Cl, C z ,  a and B into Equation 2 and get 
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Since K is independent of concentration, by combining Equations 5 and 
6 ,  it is given that 

(d) Solve Equation 7 for K1 by the Newton-Raphson method. 
(e) Calculate K from Equation 5 -or 6 .  
(f) 

(g) 

Repeat the same procedures until the calculated values of K and KI 
are close enough to the assumed values. 
Using the equilibrium constants obtained above the molecular weights 
over the concentration range of 4-65 g/l can be calculated based 
on this model. The fraction of monomer unassociated at each concen- 
tration is obtained by solving Equation 2 and the fraction of 
monomer bound in any degree of polymer can be also obtained from 
Eqnation 1. 

A number of different equilibrium constant pairs, K and K1, have been 
tried for five asphaltenes in benzene. 
standard deviations between the experimental and calculated molecular weights 
have been chosen. 

RESULTS AND DISCUSSION 

The ones which afford the minimum 

The VPO molecular weights for all five coal-derived asphaltenes, 
in benzene are shown in Figs. 1 to 5 .  The results indicate that association 
of coal-derived asphaltenes takes place in both solvents over the concentra- 
tion range of 4-60 g/l. The calculated equilibrium constants, together with 
the standard deviations are summarized in Table I where the X Dev. is defined 
as: 

x 100% Standard Deviation of MW 
MW of Monomer 

All % Dev. values are less that 5.5%. 
model is efficient in describing the self-association of asphaltenes from five 
different processes in benzene and THF. 
fraction of monomer and monomer bound in dimer and trimer are also plotted in 
Figs. 1 to 5 for the five asphaltenes. 

and Mo/a This agrees with the experimental 
results obtained from VPO and reported in Reference (1) that molecular weight 
values found in different solvents, by extrapolating the plots to infinite 
dilution are in accordance. 
approximate the true monomer molecular weights and were used as Mo throughout 
this study. 

of techniques (3-8) and the mechanism of self-association has been described 
largely in terms of electronic association. 

This suggests that this two parameter 

The calculated molecular weights, 

It is interesting to note from Equation 4 that webs A Mo/a as C j 0 
Mo since a -1 as C 4 0. 

These infinite dilution molecular weight values 

The association of petroleum asphaltenes has been studied by a variety 

The mechanism of bonding in coal- 
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derived asphaltenes is important and is under study (11). The associa- 
tion of these species has been reported in terms of hydrogen bonded com- 
plexes which can be separated into acidic and basic components (12). 
hydrogen bonding of these two components and some model complexes has been 
further studied by NMR (13,14). Unfortunately, all of the reports on 
coal-derived asphaltenes contain only qualitative results. However, these 
studies tend to support the self-associationmodel derived here, since 
it is very likely that in solution dimer could be formed through the bond- 
ings between the acidic proton and basic nitrogen or oxygen of two mole- 
cules or trimer could be formed through the bondings between those of three 
molecules. The association of monomer into dimer, trimer in solution de- 
pends on the solvent used. It is more significant in the less polar sol- 
vent benzene than THF, so the variation of molecular weights vs. concen- 
tration in benzene is greater. 

tion of the polymers can be calculated from equilibrium constants at various temp- 
eratures and the mechanism of the bonding can be studied. This is the first time 
that V P O  has been used to quantitatively correlate the degree of association of 
coal-derived asphaltenes in solution. 

asphaltenes in benzene,it is found that Synthoil and PAMCO SRC asphaltenes 
have stronger association between molecules while FMC-COED and Cat. Inc. 
SRC asphaltenes have less. The equilibrium constants in THF are generally 
larger than in benzene, since THF is more polar solvent and tends to dis- 
sociate the asphaltene molecules as they are dissolved. But this disso- 
ciation tends to go to completion in either solvent at infinite dilution. 

The curves labeled 1,2,3 in Figs. 1to 5 show the distribution of 
asphaltene between monomer, dimer and trimer as a function of total as- 
phaltene concentration. For example, if 20 gm of Cat. Inc. SRC asphaltene 
is dissolved in 1 1 benzene at 37"C, the fractions of monomer, dimer and 
trimer are 0.70, 0.18, 0.07 (from Fig. l), while the remaining 0.05 is con- 
tained as polymers higher than trimer . 
dimer and trimer can be calculated and are: 

The 

This study is significant because, based on this model, the heat of forma- 

Comparing the equilibrium constants Kl and K of these five different 

The concentrations of monomer, 

concentration of monomer (molesll) = 2O x 0.7 =2.9 x 1Ou2M 

concentration of dimer (molesll) = - x 0.18 x = 3.7 x 10-3M 

concentration of trimer (molesll) = - x 0.07 x = 9.7 x 10-'M 

If the rest is assumed tetramer then concentration of tetramer (molesll) = 

483 
20 
483 
20 
483 

- 20 o.05 I,& = 5.2 where the number 483 is the molecular weight 
483 

of monomer. 

asphaltene existing as the dimer reaches a maximum, and then decreases, and 
higher multimers become increasingly important. In highly concentrated so- 
lutions these larger multimers start to precipitate. Evidence for associa- 
tion of monomeric asphaltenes into 4-6 average layers in the solid state has 
been found by x-ray diffraction spectroscopy (15). 

In benzene solution, as the concentration increases, the fraction of 
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On t h e  D i s t r i b u t i o n  o f  Organic S u l f u r  Funct ional  Groups i n  Coal. 

Amir A t t a r  and Francois  Dupuis, Department of  Chemical Engineer ing,  
Univers i ty  of  Houston, Houston, Texas 77004. 

1. SULFUR IN COAL 

1) inorganic  s u l f u r  and 2) organic  s u l f u r .  I n  t h e  c l a s s  of  i n o r g a n i c  s u l f u r ,  
T r a d i t i o n a l l y ,  t h e  s u l f u r  i n  coal has  been considered i n  two c l a s s e s :  

two types  o f  compounds were considered:  The 
organic  s u l f u r  i s  a l l  t h e  s u l f u r  which i s  connected t o  t h e  hydrocarbon mat r ix .  
Standard a n a l y t i c a l  t echniques  ( 1 ) ( 2 ) ( 3 )  a r e  used t o  e s t i m a t e  t h e  concent ra t ion  
o f  each c l a s s  of  s u l f u r  i n  coa l  samples. 

The inorganic  s u l f u r ,  which i s  mainly i r o n  p y r i t e ,  FeSZ, i s  p r e s e n t  i n  t h e  
form of i s o l a t e d  c r y s t a l s .  
t h e  coa l  by s imple p h y s i c a l  s e p a r a t i o n .  
removed from c o a l  o n l y  i f  t h e  chemical bond between carbon and s u l f u r  i s  broken. 
The chemistry,  t h e  thermodynamics and t h e  k i n e t i c s  of  t h e  r e a c t i o n s  of  s u l f u r  i n  
coa l  have been reviewed r e c e n t l y  (4) (5) ( 6 )  and t h e  r e a d e r  i s  r e f e r r e d  t o  t h e s e  
manuscripts  f o r  d e t a i l s .  

from t h a t  o f  t h e  o r g a n i c  s u l f u r .  Moreover, s i n c e  t h e  organic  s u l f u r  i s  p r e s e n t  
i n  t h e  form of d i f f e r e n t  f u n c t i o n a l  groups,  each f u n c t i o n a l  group r e a c t s  a t  a 
d i f f e r e n t  r a t e  (6) ( 7 ) .  
2.  ORGANIC SULFUR FUNCTIONAL GROUPS IN COAL 

and on t h e i r  d i s t r i b u t i o n  h a s  been der ived  by d i r e c t  observa t ion  on c o a l .  
it i s  p l a u s i b l e  t o  assume t h a t  t h e  organic  s u l f u r  i s  p r e s e n t  i n  coa l  i n  t h e  same 
types  of s u l f u r  f u n c t i o n a l  groups t h a t  can be found i n  o i l s  and i n  o t h e r  organic  
s u l f u r  conta in ing  molecules .  
o rganic  chemistry is a p p l i e d  t o  t h e  s u l f u r  i n  c o a l ,  w e  can say  t h a t  t h e  organic  
s u l f u r  groups i n  coa l  r e a c t  i n  t h e  same way as  t h e i r  low molecular  weight homo- 
logs  and produce t h e  same types  of r e a c t i o n  products .  
RSH, can be reduced by hydrogen t o  hydrogen s u l f i d e ,  H2S: 

t h e  d i s u l f i d e s  and t h e  s h f a t e s .  

P a r t  o f  t h e  FeS2 p a r t i c l e s  a r e  u s u a l l y  separa ted  from 
However, t h e  organic  s u l f u r  can b e  

The chemistry of  t h e  r e a c t i o n s  of  FeS2 and t h e i r  r a t e  a r e  obvious ly  d i f f e r e n t  

Very l i t t l e  d a t a  on t h e  f u n c t i o n a l  groups i n  which t h e  organic  s u l f u r  appear  
However, 

Moreover, i f  a genera l  r u l e  t h a t  a p p l i e s  throughout  

For example, o r g a n i c  t h i o l s ,  

R - SH + H2 + RH + H2S (1) 

Thus, a l l  t h e  t h i o l s ,  i r r e s p e c t i v e  of t h e  s i z e  and t h e  shape of t h e  r a d i c a l s ,  R ,  
can be reduced by H2 t o  RH and HzS. 
may, however, e x i s t  f o r  d i f f e r e n t  R ' s .  

Var ia t ions  i n  t h e  r a t e  of  t h e  reduct ion  

The most impor tan t  s u l f u r  f u n c t i o n a l  groups i n  coa l  a r e  be l ieved  t o  be :  
1. d e r i v a t i v e s  o f  thiophenes and a l k y l  thiophenes 

The most important  p a r e n t  s t r u c t u r e s  a r e :  

Thiophene Thianaphene Dibenzothiophene 

2 .  a r y l  s u l f i d e s :  A r -  S- A r  ' 
3 .  a l i p h a t i c  s u l f i d e s :  R-S-R 
4. cyc lo  s u l f i d e s ,  e .g . ,  
5. th iaphenoles  
The presence o f  d i s u l f i d e s ,  s u l f o x i d e s ,  and s u l f o n e s  were never  demonstrated.  

I t  i s  be l ieved  t h a t  d i s u l f i d e s  and s u l f o x i d e s  a r e  too  u n s t a b l e  t o  s u r v i v e  t h e  
c o a l i f i c a t i o n  process .  Most of t h e  organic  s u l f u r  i s  p r e s e n t  i n  t h e  forms of  
thiophenes and a l k y l ,  a r y l ,  and c y c l i c  s u l f i d e s  ( 4 ) ( 5 ) ( 6 ) ( 7 ) .  Most of  t h e  
information was o b t a i n e d  from examination of  t h e  s m a l l e r  molecular  products  
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idiicli were o i , ~ a i n c d  Iiy hrcaking t h c  org;inic coal mat r ix  (dcpoly~i ic r iz :~ t ion) .  
Olivjnusly, t h e  Lcclliiiquc which i s  used t o  dcpolymcrizc tlic coal  would have a 
de te r in i l l i s t ic  e f f e c t  011 t h c  r c s u l t s ,  s ince  d r a s t i c  dcpolymcriznt ion tcchniques  
i i i i~y cli;iiigc t h e  structures of  tlic s u l f u r  c o n s t i t u e n t s  a s  wcl I a s  t h a t  o f  the 
Iiydriicarl,on I ia r t s .  
(1oiind i i i  the o l d e r  I i t c r n t u r c  (8) (9)  (10) (11) ( 1 2 ) .  
su l f i i r  groi i i is Ii;ivc rccci i t ly  hccn d iscussed  by A t t a r  and Corcoran (7). 
3 .  'l'lll! I'R I N C :  I I 1 L l  01: 'HIE PROPOSE[) FIE1'1101) 01: ANALYSIS 

h l  I [ ~ I C  s u l f u r  groups i n  coal can b c  rcduced by 

Scvcral  rcvjcws of  t h c  chemistry o f  sulfur i n  coa l  can bc  
Some a s p e c t s  o f  the  organic  

__ 
. .  

s u l f i d e ,  112s: 

1:cs2 + 1 1 2  .b FCS + 1I2S 

I:cs + 11. -+ 1:c + I I  s 2 2 
[ ( -S- l< '  + 211 

Ai.-S-Ar' + 211, -+ A r l l  + Ar'll + 11,s 
-+ KI1 + R'11  + i12S 

2 

+ I l l 2"  C4111" + I12S 

I;;ICII o~ i i icsc rc:ictions has a givcn a c t i v a t i o n  cncrgy and a frequency f a c t o r  
wl i i c l i  vary i l l  a I i n i i  t cd  r m g c  f o r  cach y r o u p  of  s u l f u r  compounds, whcn t h e  
s t r u c t u r e  ol' tlic orfi;~iiic radic;r1 i s  chnngcd. Othcr rcducing agcnts  which c o n t a i n  
liydrrig(,ri c:iii l jc iiscd w i  tli t h c  sainc c f f e c t i v c  r c s u l t s :  

'I'IiCsc oliscrvat ions l e a d  t o  t h e  fol lowing important  dcduct ions :  I .  I f  t h c  
:ictiv:itioii c i i c r yy  Ilai and t h e  frcqucncy f a c t o r  A i  f o r  t h e  r a t c  of  rcduct ion  of  
tlic i - t l i  I'iiiict.ivn;iI g r o u p  a r e  dctcrmincd,  tlic i-th group i s  trniqucly c h a r a c t e r i z e d .  
111 otlicr words, :I p ; ~ r t i c u l a r  value of E : i i  and A i  can bclong only t o  t h e  i - th  
!:roii]i, a n d  t l i c rc forc  tlicy dcf i l lc  t h e  i - t h  group and 
t I i ; i L  cvoIvc5 w l i c i i  tlic i - t h  g roup  is rcduccd i s  prvlmrtion:iI to t h e  amount of  t h c  
i - t l i  s i i I f u r  gi'uuli that. has bccii rcduccd. 
i n  tlic s:iiiililc W;IS rcduccd, thcn the  amount of  112s t h a t  evo lved  is p r o p o r t i o n a l  
t o  tlic :imouiit o f  tlic i - t h  group i n  t h e  sainplc. 

I n  order t o  I I C  a b l c  to dctcrminc tlic t o t a l  amount of cach s u l f u r  group i n  a 
f ixed s;i i~ipIc n f  c o a l ,  tlic fol lowing prohIcnis liavc t o  bo solvcd:  

I .  l lov t v  dctcriiiinc tiic : i c t iva t ion  cncrgy and t h c  frcqucncy f a c t o r  f o r  cach 
S U I  t-ur gro i ip .  

.?. l l n w  t o  q i i ; int i t : i t ively rcducc a l l  t h c  s u l f u r  i n  a coal sample t o  II S and 
how t o  dctcr'mi~ic i t s  : i m o u n t .  

' I ' I I c  : ict  ivatiiiii  ciicrgies :iiirl tlic frequcrlcy f a c t o r s  can tic detcrniincd u s i n g  
~liiIltJ!rli i~icLIi~id. 

2 .  l'lic r x a c t  ; ~ ~ n o u n t  o f  112s 

I f  ; i11  t h c  :nnount o f  tlic i - t h  group 

2 

Jii i i tgcii  nictliod and t h c  inictliods which we proved t h a t  can  bc used 
.cd i n  tlic ncxt scc t io i i s .  
(EIINIITION 01: E a i  ANI) A i  

o i i ta ins  n i'ixcd q u a n t i t y  of sulfur  i n  the form of  
I.ct us ;1ssiinic t h : ~ t  c:ich grou[l c a n  hc rCdUCcd t o  ( l i  f'fri.ciit f'lliict ioii:~ I j:roups. 

I iy ;I I ' i  r s t  v i . Jc r  r w c t  ion. ]:or cx:implc, cons idcr  tlic r rduc t ion  of tlic a l i p h a t i c  
s i l l  f ides :  

(8 1 

'I'iic iriclcx 1 W : I ~  I I S C ~  t o  dcriotc t h e  s u l f i d i c  Functional g roup ;  I < -S - I t ' .  l . c t ' s  
;ISSIIII~C Furthcr  t1 i : i t  tlic r a t c  c o n s t a n t ,  k l ,  depends on tlic temperature  according 
L O  A r r l i c i i i l l s  ci~rr:ition: 
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:I 1 
l i  

ICI' k l = A c  1 

whcrc A I  is  the frcqiicncy f a c t o r  and E,1 the  ac . t iva t ion  energy f o r  t h e  r e d u c t i o n .  
' I l l C l l  : 

'l'lic I.:IIC co i i s t  ; l i l t  o f  t h e  rcduct ion  bccomcs l a r g e r  a t  higher tcn1pcr:iturcs. " h a t  
III~:III~ th:it. tlic I-ntc of d c p l c t i o n  of  s u l f i d e  bcconics l a r g e r  a t  h igher  tempera tures .  
'I'Iic r : i t c  (if r v o l i c t i o n  of  l12S from a sample with a f i x e d  a~ncrtint of t h e  s u l f i d e ,  
~ I i i c I i  t e ~ ~ ~ p c r ~ ~ t i ~ r e  is gradual ly  increased ,  w i l l  i n c r e a s e  i n i t i a l l y  due t o  t h e  
i n c r c ; ~ s c  i n  tlic t c ~ i ~ p e r a t u r c ,  but s i n c e  tlic concci i t ra t ion o f  t h e  s u l f u r  i s  deple ted  
i i i  t h e  proccss ,  due  t o  t h e  evolution o f  I I ~ S ,  t h e  r a t c  w i l l  begin t o  decrease  a f t e r  
ii icrst  O F  tlic si11 I:ur was rcduccd. 'Ihc matliernatic;~l equat ion  which d e s c r i b e s  the  
r:it-c ut' C V O ~ I I I  io11 o f  gas a s  a func t ion  O F  t h c  tcnil)crrttl~re of ttic sample, where 
t l i c  t r ~ n p c r : i t ~ ~ i ~ ~ ~  is  incrc:lscd I incar ly  wi tli t h e  time were dcvcloped by Juntgen 
( 1 3 )  ( 1 4 ) .  Sulqiosc t h a t  tlic tc inpcrature  i s  increased  according t o :  

wlicrv '1" is Llic i 1 i i t i : i l  tcmpcr:iturc (OK), a t h e  rate .of hc;iting, "K/min, and t 
t l i c  tiiiic, III~II. 

rcduccd, fo  I I < w s  tlic equat ion:  
'I'licii t h e  V O ~ I I I I I C  o f  I lzS, V i ,  t h a t  evolves  whcn t h e  i - t h  group i s  

wlivrc V i m  dci i t r tcs  tlic t o t a l  voli~nie o f  111s t h a t  w i  1 1  cvolvc :IS :I r c s u l t  of  t h e  
c o i i i p l L ~ t r  rcd~ictioii  of thc i - t h  group.  'I'lic graph of  t h i s  func t ion  is sketchcd 
i II I:i 1:iirc I . 

rc:iclics i t s  i ~ i i ~ x i m i ~ ~ n  i s  dciiotcd by 
i l l id tlic ratc oI: hc:itint:, ( I :  

Iu'-. A .  
= c IU' . 

(1  1.:. ni L 

TIic ~ C I I ~ I N ~ ~ : I L I I ~ C  a t  which tlic r:itc of  evolu t ion  of 112s from t h e  i-tli g roup  
and i s  a uniquc funct ioi i  of E a i  and Ai 

, 
n i  I :  

(14) 
1111 I -- . .- 

.I I 

l : , l i i : i i i i v i  ( I S ]  IIIC;IIIS t l i : i t  i f  t h e  s:iniplc i s  hea ted  : I t  tlic co1ist:int r a t e  a ,  t h e  apex 
o l .  ! l i e  1I2S i c i h  from t l i c  i - t h  group,  which i s  rcduccd with a c t i v a t i o n  cncrgy 

i l l i d  l 'rc~lii~wcy f:ictor A i ,  w i l l  bc d i f f e r e n t  from t h a t  of tlic j group which 
is rcdiircd w i l l i  d i f f e r e n t  parameters ,  E;, j  and A , :  

K l i ( ~ i  :I ~ i i i x t ~ ~ r c  wl i i c l i  coiit:iins scvcr; i i  function;11 groups i s  rcduccd, t h e  
I I C ~ I ~ I V ~ ~ I I ~  of c.:icti sill f u r  1:roiip is sinii l a r ,  cxccpt  t l i ; i t  c:icJi pc;ik w i  I I nplrcar a t  
:I di l ~ l ~ ~ ~ v r n t  ' I 'm. I:igiirc 2 shows t h e  gr;ipli f o r  ;I inixturc of scvcr:iI groiips. 

<l;ll:l: 
'l'lic vedi~c t . i t~n  c u r v e ,  or the "kinetograni" can bc uscd t o  d c r i v e  the  fo l lowing  

I .  'I'lic I<K.:II io11 o f '  ' l ' II l i  i s  c l i ; ~ r ; i c t c r j ~ t i c  of tlic i - t h  f i i i i c t io i i : i l  group. 
2 .  ' 1 % ~ -  i i i t .cgv: i I  o f  t h c  Iienk of  each group i s  t h e  exac t  s to ich ionie t r ic  

c~l i~ iv : i Icn t  of tlic si11 f u r  group t h a t  has becn redriccd. 
t l i c  f r i ~ l i ~ c n c y  I':ic~or of t h e  r c a c t i o n  can be determined by ciirve p i t t i n g  of t h e  
d a t . : ~  t o  cqii.it i o 1 1  I ? .  

S l i g h t l y  d i f f c r c n t  v a r i a t i o n s  o f  t h i s  method wcre uscd by .Juntgen :and 
eo-workors t o  s t u d y - t l i c  r:ites of  coal p y r o l y s i s  and g a s i f i c a t i o n  (13) (14 )  (15) ,  

'l'lic ;ictiv;ltion cncrgy and 

3 .  
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11). (::iiiqiIicII : i i i d  Stcpl ic i i  (16) t o  s t u d y  tlic r n t c s  o f  c o a l  p y r o l y s i s .  :ind by 
Ycrgcy c c  :]I. ( 1 7 )  : ~ n d  R;iumai i  - c t  _- a i .  ( 1 8 )  t o  sttidy tlic r:itc of evolu t ion  o f  
I I z S  d i ~ r i n g  c w i I  1iydrogcii:ition. In  tlic l a t t e r  s t u d i e s ,  no t  a l l  the s u l f u r  was 
rcniovcd f r c > i i i  tlic co;li, t h c r c f o r c ,  quant i  t n t i o n  o f  t h e  s u i  f u r  groups cannot be 
doiic froiii tlic d a t a .  
s c u t  Cd I1c l o w .  
3 .  2 

tlic s u l f u r  j :rwips i n  ~ ( J L I I  w i l l  bc  q u ; i n t i t a t i v c  a r e :  

_. . . 

A more d e t a i l e d  d i s c u s s i o n  o f  t h e  q u a n t i t a t i o n  j s  pre-  

()lJANl'l ' i 'A'i 'ION 01: 'l'lil~ I I A I A  
'I'hc most iitiportaiit p roblcas  t h a t  should bc so lvcd  so t h a t  t h e  a n a l y s i s  O f  

1 . C O ~ l l ' ~ , i ~ i ' l ~  r cduc t ion  of  cach s u l f u r  group.  
2 .  
'I'Iic ni:i.jor d i  f f i c i i i t y  on t h c  road t o  obtnj i i  complcte r e d u c t i o n  o f  t h c  s u l f u r  

$!i-ocilis :ire m:iss tr:iiisfcr 1 i r n i  t :itjons. l'hc d i f f u s i o n  of t h e  redircing ngcrit i n t o  
tlic co:il p a r t  i c l c  i s  slow a n d  so  is  t h e  d i f f u s i o n  of t h c  112s o u t  o f  t h c  Coal 
p : i r t i c ics .  ' i hc~ ;c  pi-occsscs r e s u l t  i n  i n c o n i p ~ e t c  rcduct ion  of  tlic s u l f u r  and i n  
t l ic s1ire;idiiig O F  thc peak froin one group o v e r  a l a r g c  i i i tcrvnl  of  tcmpcrnture.  
'1'11 rmiucc t l i c  c r r c c t  o f  ~m:iss t r n n s f c r ,  wc uscd f i n e l y  d iv idcd  c o a l  p a r t i c l e s  and 
cottdiictcd tlic rcductioii in a s a l v c n t  which p a r t i a l l y  l i q u c f i c s  t h c  c o a l .  I n  
:iddil ioii, wc :icldcd Co-blo c a t a l y s t  t o  t h c  c e l l  t o  cnhance t h c  r a t c  of r e d u c t i o n  
(11 .  sill t-iir gix) i ips.  

(:oiiipIrtc rccovcry of a i  1 t h c  ilzS w:is imposs ih lc  wlicn ligiii t c  w i t h  a l a r g c  
coiitciit 01' ciilciiiiii C ; I I ~ ~ I O I I : I ~ C  ius  examincd. 
w i t h  thc  c:iihii:itc accord ing  t o :  

- . - .- 

~ : ~ M i ~ l , l ~ l ' i ~  rccovcry o f  a11 tlic I12S from each s u l f u r  groiip. 

ApparcntJy,  sonie of  t h e  112s r e a c t e d  

(::1(:03 + llZS - b  cas + co2 + II 0 (15) 2 

Phist o f  tiic h s i c  c:ii%on:itcs i i i  co:ri, c . g . ,  c ; i l c i t c ,  doloiiiitc, :ind s i d r i t c  can,  
I i o w c v ( * r ,  I)c c:isi l y  d i s s o l v c d  in d i l u t e  Iiydrocliloric a c i d  a n d  rcniovcd from t h e  
s;IIIIpIc. 

urpaiiir sui i.iii. Iicioir 3 7 O 0 C  and 100 p s i .  
' 1 ' 1 1 ~  : ~ j i ~ i ~ i ~ i t i o i i  o f  t h e  s p e c i a l  so lvcnt  permi t ted  us t o  rcducc most o f  the 

Iic ~ ~ x i ~ c r i m c n t : i i  systcoi c o i i s i s t s  O F  f i v c  p a r t s :  1 )  rcdi ic t ion c e l l ,  
1 )  hydrogcn 5111 f i d e  d c t c c t n r s ,  3 )  gas  flow systcitis. 4 )  I icatcr  and tempcr:iture 
progr:iiiiiiicr. :iii<I 5) rccordiiig :iiid signed processing dcvicc .  

( > . Y T C ~ , I  Cor t II(, rc~l i ic t ioi i  r c l l  :ire staiid:ird. Scvcrnl pro to types  o f  c c l  Is w e r e  
I i i i i  I L :ii icl tc5;lc-d i n  o i i r  l ; lboratory.  'rhc f i r s t  prototype i s  dcscr ibed  i n  
I : i ~ ~ i r v  4 .  

I r:id - :I L. c> t ;I t c* d c  t cc t o r* , 2) tlic f 1 :imc plio t omc t r i c. dc  t cc  t o r , a n d  3 1 c 1 c c  t ro 1 y t  ic 
d c t c c t u r .  'I'Iic F i r s t  two arc d i f f c r e i i t i n l  d e t e c t o r s ,  whi lc  tlic t h i r d  i s  an  
iiitcgra I d t . tcctor .  'I'hc d a t a  t1i :J t  a r e  r c p o r t e d  i n  t h i s  m;inuscript wcrc der ived  
t i s i n g  tlic I C ; I ~  a c c t a t o  clctector .  

'lll.'l'S ANI) l l l S ~ : l J S S i O N  
,UI ~ I I C : ; ~  ions a r c  : ~ d d ~ . c s s c d :  I .  tlic ic1ciitific:itioii 11v;iks w h i c h  bclong t o  

i:ij!iirr 3 s1;nws tlic ~unctioii:iI rc1;it i on  am(iiig tlic i i i i i t  5. A 1  I tlic conipoiicnts 

oi ic cummrrci:~I d c t c c t u r  ; i i i d  two modified d c t c c t o r s  wcrc t c s t c d :  I j  t h c  

~~ .. ... .~ 

:I s l w c i f i c  I . [ I I ~ C I  io~i:il !!rouli. 2 .  tlic v a r i a t i o n  i i i  tlic d i s t r ihuLior i  of  s u l f u r  
,! i~~ii l~:; i i i  ( I i  i.I.t~r(>iit c o : i i s .  
5 . I 

rcduccd j i rnks t l i i i t  hcloiig t o  n s p c c i f i c  s u l f u r  group wi 11 appcar a t  t h c  same 
tCiiiI1Cr:iturc. TIIIi , pi'ovidcd t h a t  the s m c  r a t c  o €  heat i i i g  i s  used,  aiid th:it t h c  mass 

,I I 1  I :VI'! !.:.I ! lA'-ll )N-ql: I'M RS 
'I'Iic pli i losuphy o f  tlic idci1t.i f jca t i .on  tccl iniquc is t h a t  wlicii s o l i d s  are  

. - ___ 
'I'lic c o u r t c ~ y  o f  Irlr. C .  Kimbcl I ,  1'resjdc:nt o f  I l o u s t o i ~  At I : is ,  who lonncd u s  
I ~ C  cqiiipi~ciit iiiid I i c l j i cd  us i i i  i t s  modi f i .cat ion i s  g r c a t l y  a p p r e c i a t e d .  
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t r a n s f e r  does not  l i m i t  t h e  r a t e  of  reduct ion .  Therefore ,  s o l i d  polymers t h a t  
conta in  only one s u l f u r  group, w i l l  produce one peak of s u l f u r  on ly ,  t h e  peak 

produce a peak which cor responds  t o  t h e  group 

Process  I 

reduct ion  of aromatic  s u l f i d e s .  However, t h e  r e d u c t i o n  o f  dibenzothiophene occurs  
a t  a h igher  temperature .  The reduct ion  o f  FeS2 occurs  i n  two s t a g e s  a s  expected: 

IH1 IH1 . >  . *  
FeS2 + FeS + H2S and FeS + Fe + H2S 

However, t h e  “sharpness” o f  t h e  peak depends on t h e  p a r t i c l e  s i z e  of t h e  FeS2. 
Small FeS2 produce v e r y  sharp  peaks and l a r g e r  FeS2 p a r t i c l e s  produce a “s luggish”  
peak. The FeS and Fe produce r e s i s t a n c e  t o  mass t r a n s f e r .  
6 .2  TESTS OF COAL AND LIGNITE SAMPLES 

Table 2 gives  t h e  d i s t r i b u t i o n  of s u l f u r  i n  I l l i n o i s  No. 6 c o a l ,  and i n  
Texas l i g n i t e .  F igure  7 shows t h e  kinetogram o f  t h e  I l l i n o i s  No. 6 coa l .  A 
t e n t a t i v e  assignment of f u n c t i o n a l  groups t o  t h e  peaks is given on t h e  c h a r t .  
Ext rac t ion  of  t h e  c o a l  with n i t r i c  ac id  removes t h e  p y r i t i c  s u l f u r  a l t o g e t h e r ,  
and s l i g h t l y  a f f e c t s  t h e  o r g a n i c  s u l f u r  a s  w e l l .  
n i t r i c  ac id  oxid izes  o r g a n i c  s u l f u r  t o  t h e  corresponding s u l f o x i d e s  (19).  
Figure 8 shows t h e  kinetogram o f  HN03 e x t r a c t e d  I l l i n o i s  No. 6 c o a l .  
shows a q u a n t i t a t i v e  e s t i m a t e  o f  t h e  d i s t r i b u t i o n  of  s u l f u r  groups i n  I l l i n o i s  
No. 6 and i n  Texas l i g n i t e .  

i ts r e s i s t a n c e  t o  mass t r a n s p o r t  i s  smal le r  than  t h a t  of bituminous coa l .  
of t h e  s u l f u r  i n  t h e  samples  t h a t  were t e s t e d  was organic .  
F igure  9 shows t h a t  t h e  organic  s u l f u r  i n  t h e  l i g n i t e  was e s s e n t i a l l y  i n  t h e  
form of i s o l a t e d  s i n g l e  th iophenic  r i n g s ,  and n o t  i n  t h e  form o f  dibenzothiophenes 
o r  a l i p h a t i c  s u l f i d e s .  
i n  c o a l s  i n  e a r l y  s t a g e s  o f  t h e  geologica l  c o a l i f i c a t i o n  of  wood. This  th iophenic  
s t r u c t u r e  condenses l a t t e r  t o  dibenzothiophenic  s t r u c t u r e s  e t c .  
observa t ion  was unexpected,  and we searched f o r  r e a c t i o n  mechanisms which may 
l e a d  to t h e  same exper imenta l  observa t ion .  
r e a c t i o n :  

The l a t t e r  i s  expected because 

Table 2 

Texas l i g n i t e  (Milam Co.) i s  more porous t h a n  bituminous c o a l ,  and t h e r e f o r e  
Most 

The kinetogram i n  

This  i n d i c a t e s  t h a t  t h e  th iophenic  s t r u c t u r e s  a r e  formed 

The l a t t e r  

One such mechanism involves  t h e  

T h i s  r e a c t i o n  shows t h a t  i s o l a t e d  th iophenic  s t r u c t u r e s  can be  produced from 
u n s t a b l e  s u l f u r - c o n t a i n i n g  groups due t o  thermal  decomposition. 
s u l f u r  groups a r e  reduced t o  H2S a t  much lower tempera tures  than  s t a b l e  groups, 
( s e e  d iscuss ion  i n  Ref. 6 ) .  However, i f  n o t  a l l  t h e  u n s t a b l e  s u l f u r  was reduced 
whi le  t h e  tempera tures  were s t i l l  low, p a r t  of it may be converted i n t o  a more 
s t a b l e  fo rm dur ing  t h e  a n a l y s i s .  Thus, i f  mass t r a n s f e r  l imits t h e  r a t e  of 
reduct ion,  t h e  r e s u l t  of t h e  a n a l y s i s  of c o a l  samples w i l l  be  b i a s e d ,  and w i l l  
show a l a r g e r  f r a c t i o n  of s i n g l e - t h i o p h e n i c  r i n g s .  

Thermally u n s t a b l e  
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Aii(it11cr ol,s;l.rv:ition wliich S C ~ I I I S  i n t c r c s t i i i g  i s  t h a t  tlic f r a c t i o n  of  s i ~ l f i d i c  
s i i l f i i i .  is ahi t i t  tlic S:IIIIC in t l i c  l i g n i t c  and i i i  tlic bituminous coa l .  This  obser -  
v;itioii c a n  I ic ; iccidci i tnl ,  howcvcr, s i m i l a r  r c s u l t s  were notcd by o t h c r s  (20).  
( I .  CONCI.IISION 

:iii;iLysis of  tlic d i s t r i b u t i o n  of  s u l f u r  groups i n  coal.  'rhc nicthod pcrrni ts  t o  
dctcrniinc q \ i ; i t  i t : i t ivc ly  and q i i : in t i ta t ivc ly  t h c  d i s t r i b u t i o n  o f  o r g a n i c  s u l f u r  
xroiilis in co:iI s a ~ i i p l c s .  I l l i n o i s  No. 6 I~i tuininous coal and 'l'cxas l i g n i t c  were 
t c s t c d ,  and  t h c  r c s u l t s  a r c  c o n s i s t c n t  wi th  acccpted  t l i cor ics  on t h e  s u l f u r  i n  
c0;i I . 

-. - - . . . 
A niccI~od 1i:is hccn dcvclopcd which pcrrnits t o  conduct d c t n i  Icd q u a n t i t a t i v c  

ACKN~W~.I~IIGI~~II~N~I'  __._ - ... 
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